Cancer is, at the cellular level, a genetic disease and acquired gene fusions play a causal role in the initiation of the neoplastic process either by activating proto-oncogenes or creating hybrid genes. We constructed a network by combining the 5 0 and 3 0 parts of all presently known gene fusions in human neoplasia and here we show that the observed network is fragmented and that the organization of the genes demonstrates a scale-free network topology with a power law degree distribution meeting the requirements of
Cancer is, at the cellular level, a genetic disease and acquired gene fusions play a causal role in the initiation of the neoplastic process either by activating proto-oncogenes or creating hybrid genes. We constructed a network by combining the 5 0 and 3 0 parts of all presently known gene fusions in human neoplasia and here we show that the observed network is fragmented and that the organization of the genes demonstrates a scale-free network topology with a power law degree distribution meeting the requirements of P(k)Bk -c , that is, conforming to the distributions found in naturally occurring networks such as the Internet and social or ecological networks. The results hence indicate that the complex system of pairwise interacting genes leading to neoplasia is governed by a universal principle. Keywords: gene fusion; network; cancer Overwhelming evidence supports the concept that cancer is a genetic disease at the cellular level, and that gene fusions resulting from balanced chromosome aberrations, most commonly translocations, play a causal role in the initiation of the neoplastic process (Mitelman et al., 2004; Vogelstein and Kinzler 2004) . All gene fusions exert their action through one of two alternative mechanisms: activation of proto-oncogenes by relocation to the vicinity of constitutively active regulatory elements, in particular immunoglobulin (IG) and T-cell receptor (TCR) genes, or more frequently, the creation of hybrid genes by fusion of parts of two genes (Mitelman et al., 2004) . It has become increasingly clear that some genes are promiscuous in that they may recombine with a large number of alternative partner genes (Collins and Rabbitts, 2002) . Occasionally, a mutual fusion partner may link such genes, forming clusters of interrelated gene fusions.
Any system consisting of entities that interact pairwise can be described in terms of a network. Until recently, complex networks were modeled using the random Erdo¨s-Re´nyi network theory (Erdo¨s and Re´nyi, 1960) , which infers that each pair of nodes in a network is connected randomly. As a consequence, most nodes have approximately the same number of links and the connectivity follows a Poisson distribution, implying that the probability to find a highly connected node decays exponentially; hence, the alternative designation is exponential network. However, empirical studies during the last few years on the structure of naturally occurring networks have shown that the classical random model cannot explain most large networks. Recent findings indicate that such systems may be described by scale-free networks in which the probability that a node is highly connected follows a power law (Baraba´si and Albert, 1999; Albert and Baraba´si, 2002) . Unlike exponential networks, scale-free networks are extremely heterogeneous, their topology being dominated by a few highly connected nodes (hubs) which link the rest of the less-connected nodes to the system. Recent research has shown that various complex ecological, social, biological, and physical networks have an underlying scale-free network architecture (Albert and Baraba´si, 2002; Baraba´si and Oltvai, 2004) .
The aim of this study was to apply modern network theories on the interrelated genes involved in the origin of cancer cells (Mitelman et al., 2004) . All gene fusions in human neoplasia in which both the 5 0 and the 3 0 genes are known were retrieved from the systematic collection of such data in the Mitelman Database of Chromosome Aberrations in Cancer (http://cgap.nci.nih.gov/ Chromosomes/Mitelman). A total of 291 gene fusions, comprising 234 hybrid genes and 57 fusions resulting in gene activation through juxtaposition to IG/TCR promoter/enhancer elements, were identified. Based on the gene fusion compositions in regard to the 5 0 and 3 0 parts of the genes involved, treated as separate nodes, a gene combination network was constructed. The obtained gene fusion network (GFN) shows a few highly connected genes and a large number of genes with few links (Figure 1 ). Genes rearranged in hematological, mesenchymal, and epithelial tumors tend to localize to separate sub-graphs. A few genes act as connectors between hub-like nodes that coordinate tumor-type restricted networks, for example, LPP that connects the hematological MLL network with the predominantly mesenchymal HMGA2 network (Mitelman et al., 2004) . 
, and ALK (3 0 ) with 35, 32, 16, 15, 12, 11, 11, 11 , and 11 links, respectively. Whenever both the 5 0 and 3 0 parts of the same gene are a part of the network, the 3 0 gene is designated with the suffix p3. The largest subnet, positioned in the centre, contains 113 nodes (genes). The fusion gene network was visualized with graphviz/neato (http://www.research.att.com/sw/tools/graphviz/).
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The degree distribution (number of edges/node) of the GFN was tested to fit a Poisson or a power law distribution using the w 2 -test with the classes 1, 2, 3, and >3. The observed network degree distribution differs significantly (Po0.01) from a Poisson distribution, that is, it is not compatible with a random Erdo¨s-Re´nyi network (Erdo¨s and Re´nyi, 1960 ), but did not differ (P>0.2) from a power law distribution. Consequently, the probability distribution of the number of nodes with k links is proportional to
, with an estimated g-value of 2.53 ( Figure 2) ; a g-value that is within the critical range characteristic for scale-free networks (Albert and Baraba´si, 2002; Baraba´si and Oltvai, 2004) . Thus, even though the gene combination network is small and the degree distribution at the most spans one decade, it conforms to P(k)Bk -g . The g-values for tumor types of different cellular origins, that is, hematological disorders, mesenchymal tumors, and epithelial neoplasms, ranged from 2.44-3.02 and did not differ significantly from each other (P>0.2) using a bootstrap hypothesis test (Davidson and Hinkley, 1997 0 gene parts are more likely to form highly linked nodes than the 3 0 parts of genes. Thus, all three aspects of the GFN investigated showed degree distributions similar to those found in other natural networks (Albert and Baraba´si, 2002; Baraba´si and Oltvai, 2004) .
Naturally occurring networks often display local clustering of nodes, meaning that neighboring nodes are frequently linked, resulting in triangular sub-graphs that create groups of highly interconnected nodes (Albert and Baraba´si, 2002; Baraba´si and Oltvai, 2004) . Clustering is measured by the clustering coefficient C (Watts and Strogatz, 1998) and indicates to what extent neighboring nodes have higher probabilities to be connected than predicted from a random graph. The GFN is, however, characterized by several star-like structures and a large number of isolated gene pairs (Figure 1 ). This is typical for bipartite networks (Holme et al., 2003) , which commonly show power law degree distributions and 'radial components' (Wylie and Jolly, 2001) , that is, star-like structures and no triangular subgraphs. As the entire network is based on the fundamental biological principle that only combinations of 5 0 and 3 0 parts of genes are allowed in order to create a functioning hybrid protein, the GFN is in fact bipartite and with only heterophilic links allowed. In this respect the GFN shows similarities to sexual networks (Liljeros et al, 2001; Wylie and Jolly, 2001) . The fact that the network is bipartite restricts the topology of the resulting network and reduces the clustering coefficient to zero. Even if triangular sub-graphs were allowed by redrawing the network without any distinction between 5 0 and 3 0 parts of genes, such sub-graphs would be very rare because both gene parts are involved in only 17 of the 278 individual genes represented in the network, and hence the clustering coefficient would be close to zero.
Both scale-free and random networks show so-called small-world characteristics by having very short average path lengths (L) between nodes (Watts and Strogatz, 1998) . The short path length makes it possible for a change at a given node to reach the entire network very quickly. However, in contrast to networks of, for example, interacting proteins in a cell, interacting servers in the Internet, or interacting individuals in a sexual network, no information (biological signal, text, or disease) is transmitted through the GFN. Furthermore, gene fusions are isolated events, that is, they occur in different cells that do not interact and they originate only once in any cell. Hence, even though the GFN may have small-world characteristics, no obvious biological consequence or interpretation of this feature can be deduced.
The observed network is apparently fragmented, and an important biological question is if this fragmentation may be caused by an insufficient sampling from a single scale-free network. Albert et al. (2000) studied network fragmentation by removing increasing fractions of nodes -test with the classes 1, 2, 3, and >3). The circles (joined by lines) indicate observed data and the dashed line is the estimated model with the parameter 2.53. The dotted lines show the 95% confidence interval (2.39-2.73) estimated with the percentile bootstrap confidence interval from 500 samples. The power law distribution is a discrete counterpart to the Pareto distribution, the z distribution for which (Johnson et al., 1992) . Here z(g) is the Riemann zeta function P k ¼ 1,2,3y k Àg . The g parameter was estimated with the maximum likelihood principle and by the method of moments, that is, equating ox> ¼ z(gÀ1)z, and the 95% confidence interval of the power law distribution was estimated with the percentile bootstrap confidence interval method from 500 samples.
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M Höglund et al from networks. As the gene network is constructed on the basis of connections between 5 0 and 3 0 parts of genes, we performed simulations with a random loss of links. Networks with 500-1000 number of nodes were simulated using growth with preferential attachment (Albert and Baraba´si, 2002) , that is, nodes were added one by one to the network and every new node was linked to one existing node with a probability proportional to the number of edges per node (the degree), and the degree distribution computed. Subsequently, fractions of links were removed. The fragmented networks maintained the degree distributions in the original and complete networks and thus fragmentation, or an incomplete representation, of networks does not alter their g-values; a feature most probably related to the scale-free characteristic of the network. We also noted that the sub-graph size distributions in the simulated and then fragmented networks showed a power law distribution, that is, the networks demonstrated a large number of sub-graphs with few nodes and a small number of graphs with many nodes. The GFN exhibits the same characteristic (Figure 1) . Hence, as random loss of links is equivalent to random sampling of links, it cannot be excluded that the fragmented gene network reflects our present limited knowledge of all possible gene fusions (Mitelman et al., 2004) and that one single underlying scale-free GFN is the basis for the observations. However, one cannot rule out the existence of biological constrains that may prevent the formation of a single network, such as opposing gene orientations along the chromosomes or the presence of incompatible families of protein domains that may preclude the formation of connections between sub-graphs. Consequently, the GFN may not necessarily grow towards one single unified network by the identification of further gene fusions.
Several processes generating scale-free networks have been proposed, including linear preferential attachment (Baraba´si and Albert, 1999) , random growing networks, (Callaway et al., 2001) , duplication-divergence models (Vazquez et al., 2003) , and aging vertex networks (Klemm and Eguiluz, 2002) . These processes result in graphs with similar degree distributions and clustering coefficients but they differ in their topological details (Middendorf et al., 2005) . These algorithms could describe possible biological mechanisms that generate the GNF. However, the 'linking history' of the node/ gene is not a likely explanation in the present context as gene fusions are isolated events, occur in different cells, and any given physical gene only fuses once. The driving force is rather to be found in intrinsic properties of the hub-forming protein domains. In this perspective, genes that acquire a large number of different fusion partners are expected to contain protein domains that are very flexible in their combinatorial behavior. Combinatorial versatility presupposes that the involved protein domains show structural integrity and maintain their biological functions in diverse contexts. A special case of combinatorial versatility is shown by the IG and TCR genes that lead to deregulation of the partner genes but do not produce hybrid proteins and consequently do not impose structural constrains at the protein level. This may explain the finding that six of the seven IG/TCR genes were among the 24 hubs (defined as genes with five or more links) in the network. It has also been suggested that combinatorial versatility may be the driving force in producing scale-free protein domain networks and that highly linked domains may represent functional centers in various different cellular aspects (Apic et al., 2001; Wuchty, 2001) . It is thus likely that a similar mechanism is operating in the GFN as in protein domain networks even though the biological end point is different, new protein functions enhancing the species survival versus cellular transformation.
We conclude that the topology of the GFN in neoplasia demonstrates characteristics similar to other naturally occurring scale-free networks and that it is likely that the fragmented network may be part of one single underlying network. Furthermore, the present network is fundamentally different from many other networks as individual links, gene fusions, are not formed in a common space. Hence, the driving forces for the scale-free behavior have to be found in intrinsic properties of the hub forming genes and not in the network history of the individual nodes.
